INTRODUCTION
Small-cell lung cancer (SCLC) represents approximately 20% of all lung cancer and it is basically characterized by rapid growth and early metastasis [1] . Therefore, thoracic radiotherapy combined with systemic chemotherapy has been typically accepted as the standard treatment for patients with limited disease [2] . For patients with Stage I SCLC among limited-disease, however, surgical resection followed by chemotherapy is recommended in the clinical practice guidelines of the National Comprehensive Cancer Network (NCCN) [3] and also the Japan Lung Cancer Society [4] . Nevertheless, we sometimes experience patients with Stage I SCLC who are medically inoperable because of poor pulmonary function, cardiac disease and/or other co-existing diseases. However, an optimal treatment has not been established for medically inoperable patients with Stage I SCLC. Currently, stereotactic body radiotherapy (SBRT) has been widely used as one of the curative treatment options for peripherally-located Stage I non-small cell lung cancer (NSCLC) [5] [6] [7] [8] [9] . Given that SCLC is generally more radiosensitive than NSCLC, we hypothesized that SBRT would also be effective for Stage I SCLC.
From 2003, at Kyushu University, we began using SBRT for Stage I SCLC patients who were not candidates for surgery. Here, we retrospectively analyse the treatment outcomes of SBRT for patients with Stage I SCLC in our institution, and evaluate the effectiveness and safety of SBRT for this disease.
MATERIALS AND METHODS

Patients
From April 2004 to September 2009, 269 patients with lung tumors were treated with SBRT at Kyushu University Hospital. Of these, eight patients with Stage I SCLC were treated with SBRT. In all patients, pathology of the lung tumors was confirmed as SCLC by transbronchial brushing cytology or CT-guided percutaneous fine needle aspiration cytology. The patients' age was 58-84 (median: 74) yeas. Tumor size range was 15-38 mm (median: 29) in diameter. The T-Stage of the primary tumor at the time of diagnosis was T1a in two, T1b in two and T2a in four patients. Serum levels of the pro-gastrin releasing peptide (ProGRP) and neuron-specific enolase (NSE) before treatment are shown in Table 1 . Normal levels of ProGRP and NSE in our institution are less than 46.0 pg/ml and 12.0 ng/ml, respectively. All patients received 18F-fluorodeoxyglucose positron emission tomography (FDG-PET) and brain magnetic resonance imaging (MRI) for staging in addition to chest-abdominal CT scan. Six of the patients were inoperable because of poor cardiac and/or pulmonary function, and two patients refused surgery. Patient characteristics are summarized in Table 1 . All of the patients provided written informed consent.
Treatment planning for SBRT
All patients were fixed with a thermoplastic body cast combined with a vacuum pillow, arm and leg support, and a carbon plate (Engineering Systems Co., Matsumoto, Japan). The detail of this body fixation system has been described previously [10] . Treatment planning was performed using the 3D RTP machine (Eclipse 7.1.4). The gross target volume (GTV) was identified on relevant lung setting CT images. The internal target volume (ITV) was created individually according to the internal respiratory motion. The planning target volume (PTV) margin was 5mm in all directions. Seven to eight multi-leaf-collimator (MLC)-shaped non-coplanar static ports of 4-or 10-MV X-rays were selected to maintain target volume homogeneity within 10%, and to decrease the irradiated lung volume receiving 20 Gy or more (V20) to below 20%. 
Treatment
SBRT was given to the PTV with an isocenter dose of 48 Gy in four fractions. Total treatment duration ranged from 4-8 (median = 4) days. By using CT and portal images (anterior-posterior and lateral), the isocenter was verified in the first treatment session. In the second and following sessions, portal images (anterior-posterior and lateral) and/or CT images were used. When respiratory tumor motion was 1 cm or more, breath-holding irradiation was performed using a visual-feedback-guided breath-holding system developed at our institution [11, 12] . Chemotherapy using carboplatin (CBDCA) + etoposide (VP-16) or cisplatin (CDDP) + irinotecan (CPT-11) was performed for six patients before or after SBRT. Table 1 . No patients received prophylactic cerebral irradiation (PCI) after completion of SBRT, with or without chemotherapy.
Patient follow-up and evaluation
After completion of SBRT, patients were evaluated by examinations including chest X-ray and CT every two to three months for two years, and every six months thereafter. Brain MRI and FDG-PET were also performed if needed.
Methods of data analysis
Survival rates (overall, disease-specific, progression-free), local control rate after SBRT, pattern of failures, and SBRTrelated toxicities were evaluated. Overall, the diseasespecific and progression-free survival rates, and local control rate were estimated with the Kaplan-Meier method. SBRTrelated toxicities were graded according to the Common Toxicity Criteria for Adverse Effect version 3.0 [13] .
RESULTS
The follow-up period for all patients was 6-60 months (median: 32). Six patients were still alive without any recurrence. One patient died from SCLC, and one died from another disease. The overall survival rate and diseasespecific survival rate at three years were 72% and 86%, respectively (Fig. 1 ). There were no patients with local progression of the target lesion of SBRT. Only one patient, who was treated with SBRT alone, had nodal recurrence in the mediastinum at 12 months after treatment. This patient refused salvage treatment by radiotherapy or chemotherapy for the recurrence, and received best supportive care in another hospital. There were no patients with distant metastasis during the follow-up period. The progression-free survival rate and local control rate at three years were 71% and 100%, respectively (Fig. 2) . No Grade 2 or higher SBRT-related toxicities were observed during follow-up in any patient.
DISCUSSION
In the present study, favorable outcomes were achieved with SBRT of 48 Gy in four fractions with or without chemotherapy for patients with clinical Stage I SCLC; the 3-year survival rate and local control rate were 72% and 100%, respectively. The treatment was also considered well tolerable because no Grade 2 or greater toxicity was observed. Therefore, SBRT can be a safe and effective treatment option for Stage I SCLC.
Several reports have been published regarding the outcomes of surgery with or without chemotherapy for Stage I SCLC. The 5-year overall survival rates after surgery for Stage I SCLC have been reported as approximately 50-70 % [14] [15] [16] [17] . Although it is difficult to compare these results directly, mainly because of the difference between the pathological stage and clinical stage, the 3-year survival rate in our study using SBRT compared favorably to those of surgical series previously listed.
In previous reports of SBRT for NSCLC [6] and also metastatic lung tumors [18] , favorable outcomes of survival and local control were reported in patients treated with a biologically effective dose, assuming the alpha/beta ratio to be 10 (BED10) over 100 Gy at the isocenter. In our present study of SBRT for Stage I SCLC, the prescribed dose of 48 Gy in four fractions (BED10 = 105.6 Gy) at the isocenter was used for all patients, the same as the commonly used SBRT dose for Stage I NSCLC in Japan, because there is no published information regarding the optimal dose of SBRT for SCLC. Complete local control was achieved with no severe toxicity in any patients. Therefore, this prescribed dose is considered sufficient for local control of T1-2a SCLC. However, given that SCLC is known to be more radiosensitive than NSCLC, the total dose of SBRT might be reduced slightly for SCLC. Considering that SCLC is also a rapid growth tumor, more fractionated scheduling may be advantageous in the point of cell cycle effects. Therefore, further investigation is necessary to determine optimal dose and fraction scheduling of SBRT for Stage I SCLC. However, it should be noted that BED based on the linear-quadratic (LQ) model has been shown to overestimate the effect of high fractional doses of radiation, and also not to take reoxygenation as well as cell cycle effect into account [19] .
Chemotherapy has an important role in the treatment of SCLC because of its biological behavior, characterized by rapid growth and early dissemination. Generally, a chemotherapy regimen using CDDP (or CBCDA) plus VP-16 is combined with thoracic radiation therapy for limited-disease SCLC (LD-SCLC). Also, adjuvant chemotherapy is generally recommended after surgery for Stage I SCLC in order to reduce the risk of distant metastasis. In the present series, four patients initially received chemotherapy in other hospitals, and then were introduced to our institution because of residual tumors. Two patients received adjuvant chemotherapy after SBRT as planned treatment. In these patients who received neoadjuvant or adjuvant chemotherapy no Grade 2 or higher SBRT-related toxicity was observed. Although the number of patients is too small to draw a conclusion, the sequential combination (neoadjuvant or adjuvant) of chemotherapy may be safe in patients treated with SBRT. In SBRT for Stage I SCLC, therefore, it is better to combine chemotherapy with SBRT. However, the optimal timing of chemotherapy combined with SBRT (neoadjuvant, concurrent, vs adjuvant) is yet to be determined.
Recently, the role of PCI has been established in the treatment of SCLC, especially in LD-SCLC [20, 21] . In our series, no patients suffered from brain metastasis, despite not undergoing PCI. However, the number of patients in this series is too small to discuss whether PCI is essential or not in Stage I SCLC patients.
In conclusion, SBRT plus chemotherapy could be an alternative treatment option to surgery with chemotherapy for patients with Stage I small-cell lung cancer. However, further investigation is needed using a larger number of patients.
